. In the present study, we examined fMRI and cortical thickness data from 85 children and adolescents (ages 6 -18 years). Participants performed a relational matching task in which they viewed arrays of four visual stimuli and determined whether two stimuli shared a particular feature (a first-order relational judgment) or whether two pairs of stimuli matched according to the same feature (a second-order relational judgment). fMRI results provide evidence for increased functional selectivity across ages 6 -18 years in RLPFC and IPL. Specifically, young children engaged RLPFC and IPL indiscriminately for first-order and second-order relational judgments, and activation for first-order relations diminished with age whereas activation for second-order relations stayed elevated. Examination of cortical thickness revealed that increased functional selectivity in RLPFC could be partly accounted for by cortical thinning in IPL.
Introduction
Relational reasoning, or the ability to consider relationships between multiple mental representations, is a fundamental component of high-level cognition (Robin and Holyoak, 1995) . Neuropsychological studies have demonstrated that improvements in relational reasoning occur throughout childhood and adolescence (Sternberg and Rifkin, 1979; McArdle et al., 2002; Richland et al., 2006; Ferrer et al., 2009) , and several recent studies have begun to probe the neural basis of these age-related changes (Wright et al., 2007; Crone et al., 2009; Eslinger et al., 2009; Dumontheil et al., 2010) . The current study builds on this work, examining the changes in brain structure and function that underlie developmental improvements in relational reasoning from age 6 to 18 years.
Relational reasoning problems can vary in the complexity of the relational task to be performed (Halford, 1992) . First-order relational processing involves consideration of individual relations, in isolation. Second-order relational processing involves consideration of relations in combination, or relations of relations. It is the capacity for higher-order relational processing that is thought to underlie abstract thought and to support many of the complex cognitive operations that are thought to be uniquely human (Penn et al., 2008) . Three brain areas stand out as being particularly involved in relational reasoning: rostrolateral prefrontal cortex (RLPFC), dorsolateral prefrontal cortex (DLPFC), and the inferior parietal lobe (IPL) in the vicinity of the intraparietal sulcus (for review, see Krawczyk et al., 2011) . Based on our previous research (Wendelken and Bunge, 2010; Wendelken et al., 2011) , we have hypothesized that (1) IPL and DLPFC represent and process first-order relations, and (2) RLPFC integrates inputs from these regions to process second-order relations.
Several recent fMRI studies have reported developmental changes in these regions associated with relational reasoning. In one study, children demonstrated increasing activation with age in parietal cortex concomitant with decreasing activation with age in lateral PFC, for first-order problems (Eslinger et al., 2009) . In another study, children and adults demonstrated similar engagement of RLPFC for second-order problems, but children, unlike adults, also engaged RLPFC for first-order problems (Crone et al., 2009) . In another study, older adolescents demonstrated greater activation in left RLPFC for second-order relative to first-order problems than mid-adolescents or adults (Dumontheil et al., 2010) . We have hypothesized that RLPFC undergoes a process of specialization during middle childhood, changing from a region that is involved in general relational processing to one that is specialized for second-order relational processing (Crone et al., 2009 ). The first goal of the current study is to test this hypothesis in a large sample of typically developing children.
Many brain regions undergo changes in cortical thickness during childhood (Shaw et al., 2008; Giedd and Rapoport, 2010) . We hypothesized that synaptic pruning of local circuitry-reflected in cortical thinning (O'Donnell et al., 2005; Tamnes et al., 2010 )-might be a mechanism of increasing functional selectivity (Ferrer et al., 2009 ). The second goal of this study is thus to test this hypothesis by examining the connection between cortical thickness and functional activation in the regions that are most involved in relational reasoning.
Materials and Methods
Study design. As part of a larger study, participants completed a battery of cognitive assessments, two fMRI tasks (a relational matching task and a visual analogy task), one or more anatomical scans, and a diffusion tensor imaging scan.
The present investigation is limited to analysis of the fMRI and behavioral data from one of the two tasks (relational matching) and cortical thickness data extracted from the anatomical scans. To make the point that the relational matching task used here is a good measure of reasoning capacity, we report the correlation across individuals between performance on this task and a fluid reasoning factor score (FR) calculated on the basis of four standardized cognitive assessments: "Block Design" and "Matrix Reasoning" subtests of the Wechsler Intelligence Scale for Children (Wechsler, 1974) and "Analysis-Synthesis" and "Concept Formation" subtests of the Woodcock-Johnson Test of Achievement (Woodcock and Johnson, 1990) . The factor scores were extracted from a model in which the four observed scales loaded freely on a single factor representing fluid reasoning.
Participants. The present study includes fMRI data from 85 typically developing individuals (aged 6 -18 years; mean Ϯ SD age, 12.8 Ϯ 3.1 years), including 35 females (mean Ϯ SD age, 12.2 Ϯ 3.0 years) and 50 males (mean Ϯ SD age, 13.3 Ϯ 3.1 years). Male participants were marginally older than female participants (p ϭ 0.09). There was no relationship between age and IQ (r ϭ Ϫ0.01). Cortical thickness data are also included for 79 participants (mean Ϯ SD age, 12.9 Ϯ 2.9 years; 45 males), because six subjects who were included in the fMRI analysis were excluded from the structural analysis as a result of poor-quality anatomical reconstruction (see below).
Data from an additional 24 individuals were excluded because of excessive scanner movement (n ϭ 17; aged 6 -12 years, mean Ϯ SD age, 8.6 Ϯ 1.7 years) or chance-level performance on any condition in the fMRI task (n ϭ 7; aged 6 -18 years; mean Ϯ SD age, 10.6 Ϯ 4.4 years). Exclusion as a result of movement was determined on the basis of analysis with the ArtRepair tool, described below.
All participants were screened for neurological impairments, psychiatric illness, history of learning disability, and developmental delay. All participants and their parents gave their informed assent or consent to participate in the study, which was approved by the Committee for Protection of Human Subjects at the University of California, Berkeley.
Experimental task. Participants performed a relational matching task similar to one used previously in our laboratory cf. Christoff et al., 2003; Smith et al., 2007) . The task was designed to require either first-order or second-order relational judgments. Arrays of four patterned shapes were presented on every trial, and participants were required to make a yes/no judgment regarding the presence or absence of a specific kind of match using a button box (Fig. 1 ). For first-order trials, participants were instructed to match either shape or pattern. After the shape instruction, participants decided whether there was a shape match for either the top or bottom pair of items. Similarly, after the pattern instruction, participants decided whether there was a pattern match for either pair. For second-order trials, participants determined whether the top and bottom item pairs matched along the same dimension (shape or pattern). Thus, on secondorder trials but not on first-order trials, participants had to integrate information across two item pairs.
The experiment was run as a blocked design with three scans of 5 min, 25 s each. Each scan consisted of three 90-s blocks, one for each of the three instructions ("Shape" or "Pattern" for first-order blocks, "Match" for second-order blocks). Each 15-trial block began with an instruction screen, and the instruction for each block remained onscreen for the duration of the block. Each trial lasted 6 s, and the stimulus array remained on screen for the duration of the trial. Two 20-s rest blocks, during which participants fixated on a crosshair, alternated with the task blocks, and the scan started with 6 s of rest and ended with 10 s of rest. A total of 45 Shape trials, 45 Pattern trials, and 45 Match trials were acquired per session. Across all trials, 50% of stimuli within a condition warranted a "yes" response. There were 45 stimulus arrays total, and each stimulus array was paired once with each of the three instructions; thus, only the instructions, and not the stimulus arrays, differed between the different trial types.
Participants were trained on the task before the start of the scanning session. Training included a verbal explanation of the task with example stimuli. Once in the scanner, participants completed a short practice run. All instructions were reviewed again before the start of functional data collection.
Data acquisition. Brain imaging data were collected on a Siemens 3 T Trio system at the University of California, Berkeley Brain Imaging Center. Participants viewed stimuli backprojected onto a projection screen with a mirror mounted on the head coil and responded using a button box held in their right hand. Stimulus presentation and response acquisition were controlled with Presentation psychological experimentation software (Neurobehavioral Systems).
Two high-resolution T1-weighted MPRAGE anatomical scans (TR, 2300 ms; TE, 2.98 ms; 1 ϫ 1 ϫ 1 mm voxels) were acquired for cortical morphometric analyses. These two MPRAGE scans were averaged dur- Figure 1 . Task illustration. Each trial consisted of a yes/no judgment based on a stimulus array that contained four patterned shapes. On Shape trials, participants determined whether there was a shape match in either pair. On Pattern trials, participants determined whether there was a pattern match in either pair. On Match trials, participants decided whether the bottom pair of stimuli matched along the same dimension (i.e., Shape or Pattern) as the top pair of stimuli. Shape and Pattern trials require first-order relational processing, whereas Match trials require second-order relational integration.
ing post-processing to increase the signal-tonoise ratio. Multi-slice echo-planar imaging (EPI) was used to collect functional imaging data (gradient-echo EPI sequence; TR, 2000 ms; TE, 25 ms; 33 axial slices; 2.0 ϫ 1.8 ϫ 3.0 mm voxels; no interslice gap; flip angle, 90°; field of view, 230 mm; 165 volumes per run).
Image and statistical analysis. Functional imaging data were preprocessed and analyzed using SPM5 (Wellcome Trust Center for Neuroimaging). The first three volumes from each functional scanning run were discarded to allow for T1 equilibration. Functional images were corrected for differences in slice acquisition timing and were realigned to the first volume by means of rigid-body motion transformation. Motion parameters were extracted from this process and were used to inform a volume repair procedure (ArtRepair; Stanford Psychiatric Neuroimaging Laboratory).
ArtRepair identified bad volumes on the basis of within-scan movement and signal fluctuations and then corrected bad signal values via interpolation and also via deweighting in the subsequent analyses. Any run with Ͼ20% repaired volumes was discarded, and any participant with more than one run discarded in this manner was excluded from additional preprocessing or analysis.
After volume repair, the mean structural image was coregistered to the mean realigned functional image and then spatially normalized to the T1 anatomical template of SPM5. Normalization parameters obtained from this process were then applied to the un-normalized functional images to produce a set of functional images in SPM standard space (MNI152), with 3 ϫ 3 ϫ 3 mm voxels. As a final preprocessing step, functional images were smoothed with an 8 mm FWHM isotropic Gaussian kernel.
Data analysis was performed using a general linear model (GLM) that incorporated task effects, session effects, and a general linear trend. Task effects were modeled as 90-s block regressors, convolved with the canonical hemodynamic response function in SPM. This GLM was used to compute the least-squares parameter estimate of the height of the bestfitting synthetic response function for each condition at each voxel. Separate parameter estimates were initially obtained for the Shape and Pattern blocks, but these were averaged to produce a single first-order parameter estimate, alongside the single second-order (Match) parameter estimate, for subsequent analysis.
ROI analyses were performed using MarsBaR (Brett et al., 2002) to characterize the activation profiles of RLPFC, DLPFC, and IPL, a priori regions of interest based on previous studies of relational reasoning Crone et al., 2009) . Each region was defined anatomically using templates from the automated anatomical labeling set (Tzourio-Mazoyer et al., 2002) and was further restricted to voxels within the anatomical region that demonstrated task-related activation across all participants (first-order Ͼ null or second-order Ͼ null, at p Ͻ 0.01 uncorrected). The left and right RLPFC ROIs consisted of taskactive voxels in the middle frontal gyrus, anterior to y ϭ 48 mm. The DLPFC ROIs consisted of task-active voxels in the middle frontal gyrus, anterior to y ϭ 15 and posterior to y ϭ 42. The IPL ROIs consisted of all task-active voxels in the IPL (BA 40). For each ROI, the mean signal across all voxels in the ROI was submitted to GLM analysis, as described above, to produce an ROI parameter estimate for each condition for each participant. These ROI parameter estimates, along with other measures, were then submitted to statistical analysis in MATLAB (MathWorks).
Anatomical imaging data were preprocessed and analyzed with the FreeSurfer software package (version 4.4.0; http://surfer.nmr.mgh. harvard.edu). Details of these procedures have been described previously (Fischl and Dale, 2000) . Briefly, the MRI data from each individual were processed with a series of automated and semi-automated steps, including (1) removal of non-brain tissue using a hybrid watershed/surface deformation procedure (Ségonne et al., 2004) , (2) automated Talairach transformation, (3) segmentation of the subcortical white matter and deep gray matter volumetric structures (Fischl et al., 2002) , (4) intensity normalization (Sled et al., 1998) , (5) tessellation of the gray matter/white matter boundary, (6) automated topology correction (Ségonne et al., 2007) , and (7) surface deformation after intensity gradients to optimally place the gray/white and gray/CSF borders at the location where the greatest shift in intensity defines the transition to the other tissue class .
Cortical thickness was calculated as the closest distance from the gray/ white boundary to the gray/CSF boundary at each vertex on the tessellated surface (Fischl and Dale, 2000) . Thickness measures were mapped onto the inflated surface of each participant's reconstructed brain , enabling the visualization of data across the entire cortical surface, independent of cortical folding. Maps were smoothed with a 10 mm Gaussian kernel, and non-rigid high-dimensional spherical averaging was used to align cortical folding patterns across participants , allowing for the creation of average surface models while accounting for cortical sulcal variability across participants. Statistical comparisons of surface maps and thickness measures were generated by computing a GLM of the effects of different variables (e.g., age) on thickness at each cortical surface location. Of the 85 participants included in the study, six had to be excluded from the structural analyses because of excessive motion during the high-resolution anatomical MRI scan, resulting in poor cortical reconstructions.
FreeSurfer ROIs (surface labels) were created by transforming SPM volume ROIs into the average subject space of FreeSurfer, which involved the following: (1) flipping the orientation of an ROI mask and the T1 template of SPM, (2) coregistering the SPM T1 template to the average FreeSurfer T1 image, (3) applying these coregistration parameters to the ROI mask, and then (4) manually tracing the outline of these volumes to create surface labels. FreeSurfer average-space surface ROIs were transformed into individual subject surface ROIs, average cortical thickness values were extracted from each region, for each subject, and these values were submitted to additional statistical analysis.
Our statistical analysis includes tests of specific theoretically driven hypotheses as well as some more exploratory tests. For the former, significance was assessed at an ␣ of 0.05. For the latter, we performed correction for multiple comparisons across each collection of tests, using the Bonferroni's correction, and adjusted our standard for significance accordingly. In all cases, the original (uncorrected) p values are reported. Figure 2 shows average accuracy and response times on the relational matching task for three age ranges, including 7-10 year olds, 11-14 year olds, and 15-18 year olds. To assess performance, accuracy, and response time, values were submitted to a mixed ANOVA with condition (first-order, second-order) as a within-subject factor, gender as a between-subjects factor, and age as a covariate. We note that, although the graphs in Figure 2 show data for discrete age groups, we examine age here as a continuous covariate. There was a main effect of condition on accuracy, such that participants responded with greater accuracy on first-order trials (mean Ϯ SD, 92.8 Ϯ 6.6%) than on second-order trials (mean Ϯ SD, 90.0 Ϯ 9.6%; F ϭ 4.3, p Ͻ 0.05). Similarly, there was a main effect of condition on response times, such that participants responded more rapidly to first-order trials (mean Ϯ SD, 1.96 Ϯ 0.53 s) than to second-order trials (mean Ϯ SD, 2.35 Ϯ 0.56 s; F ϭ 164.2, p Ͻ 0.001). There were no significant interactions between condition and either age or gender, for accuracy or response time (all p Ͼ 0.1). Overall performance did improve with age, as indicated by positive correlations between accuracy and age for both conditions (first-order, r ϭ 0.40, p Ͻ 0.001; secondorder, r ϭ 0.42, p Ͻ 0.001; Fig. 2A ) and by negative correlations between response times and age (first-order, r ϭ Ϫ0.54, p Ͻ 0.001; second-order, r ϭ Ϫ0.42, p Ͻ 0.001).
Results

Behavioral data
To relate our laboratory relational matching task to standardized measures of fluid reasoning, we computed an FR for each participant, based on four standardized reasoning tests (see Materials and Methods).
As expected, the FR was correlated with age (r ϭ 0.35, p Ͻ 0.001). Even when controlling for age, FR was positively correlated with accuracy on the relational matching task. This effect was marginal for first-order trials (r ϭ 0.20, p ϭ 0.09) but highly significant for second-order trials (r ϭ 0.34, p ϭ 0.002).
Does RLPFC demonstrate increasing specialization for relational integration with development?
To test our primary hypothesis concerning the development of functional selectivity in RLPFC, we conducted a detailed examination of functional activation patterns in left and right RLPFC ROIs. The RLPFC ROIs were constructed by taking all voxels within a left or right RLPFC anatomical template (middle frontal gyrus, anterior to y ϭ 48) that demonstrated task-related activation (first-order Ͼ null or second-order Ͼ null) across all participants (at p Ͻ 0.01 uncorrected). For each ROI, we obtained the partial correlations between functional activation (first-order Ͼ null, sec- ond-order Ͼ null) or functional selectivity (second-order Ͼ first-order) and age, controlling for gender. In addition, to ensure that results were not an artifact of differences in performance between the two conditions, we also obtained partial correlations after controlling for response time and accuracy. Specifically, for the correlation with first-order activation, we controlled for first-order response time and first-order accuracy. For the correlation with secondorder activation, we controlled for second-order response time and secondorder accuracy. For the correlation with selectivity, we controlled for the secondorder Ϫ first-order response time and accuracy differences. For our primary hypothesis, concerning specialization of RLPFC, we assessed significance at an ␣ of 0.05. In accordance with our hypothesis, left RLPFC exhibited a significant agerelated increase in the second-order Ϫ first-order contrast value. In contrast, right RLPFC demonstrated no significant age-related changes. Additional assessments of regional activation versus age were conducted with an ␣ of 0.004, taking into account 12 separate tests. In left RLPFC, we observed a highly significant decrease in activation for first-order trials with age but no change in activation for second-order trials ( Fig.  3 ; for statistics, see Table 1 ). Thus, we observed a robust agerelated change in functional selectivity in left but not right RLPFC.
Do other core components of the relational reasoning network-DLPFC and IPL-demonstrate developmental changes in function?
DLPFC and IPL (BA 40) were examined in a similar manner to RLPFC. Neither left nor right DLPFC demonstrated any change in activation as a function of age (Table 1) . However, both left and right IPL demonstrated a developmental pattern that was similar to RLPFC: decreasing engagement for first-order, resulting in a pattern of age-related increase in the second-order Ϫ first-order contrast value. IPL did not exhibit as marked a decrease in first-order activation with age as did left RLPFC, and the IPL result did not survive correction for multiple comparisons.
To compare regions, we submitted data from all six ROIs (Fig.  4) to a mixed ANOVA with region (RLPFC, DLPFC, or IPL), side (left or right), and condition (first-order or second-order) as within-subject factors and age as a continuous covariate. We observed a significant four-way interaction (F (2,81) ϭ 5.7, p ϭ 0.005). This effect was primarily driven by a significant interaction between region, condition, and age in the left hemisphere (F (2,81) ϭ 6.6, p ϭ 0.002), in which the condition ϫ age interaction in DLPFC was significantly different from that observed in RLPFC (F (1,83) ϭ 9.0, p ϭ 0.004). Specifically, whereas first-order activation was flat or even increasing with age in DLPFC, it decreased with age in RLPFC.
Whole-brain analyses
To probe more generally for regions involved in second-order relational processing and for regions undergoing developmental change related to this, we performed several different wholebrain analyses. First, we examined the second-order Ͼ first-order contrast across all participants. This whole-brain contrast yielded activation in bilateral DLPFC, right RLPFC, and left IPL, as well as in dorsomedial PFC. Next, we examined this contrast separately for each of three age groups (Fig. 5) . For older children (ages 15-18 years), this contrast revealed significant activation in left RLPFC, bilateral IPL, and dorsomedial PFC but not in DLPFC. For the middle group (ages 11-14 years), as well as for the younger group (ages 7-10 years), significant activation was observed in bilateral DLPFC and dorsomedial PFC but not in RLPFC or parietal cortex.
Is cortical thinning the mechanism of increasing functional specialization in RLPFC and IPL?
Having found evidence that RLPFC and IPL undergo a process of functional specialization for relational reasoning during development, we sought to determine whether or not cortical thinning in these regions contributes to the development of relational reasoning selectivity. To this end, we extracted cortical thickness values from the left and right RLPFC and IPL ROIs (and also from left and right DLPFC). As expected, we observed significant cortical thinning with age in each of these ROIs (Fig. 6) .
Our primary question was whether or not cortical thinning could be the primary mechanism that drives functional specialization. To test this, we examined RLPFC and IPL cortical thickness and functional activation values in the context of structural equation modeling. We created a model that included the following variables: age, RLPFC cortical thickness, IPL cortical thickness, RLPFC first-order activation, RLPFC second-order activation, IPL firstorder activation, and IPL second-order activation. The full model included a link from age to every other variable. In effect, these links represent direct age-related mechanisms (i.e., maturation) that are not otherwise specified in the model. We also included a link from each cortical thickness variable to each activation variable. Thus, in this full model, we allowed for the possibility that RLPFC thickness might influence RLPFC activation and that IPL thickness might influence IPL activation. In addition, because there is considerable evidence of tight functional coupling between RLPFC and IPL (Vincent et al., 2008; Boorman et al., 2009; Wendelken et al., 2011) , and because structural changes in one region that make it function more efficiently could translate to improved efficiency in the functioning of another region with which it interacts, we also allowed for the possibility that IPL thickness might affect RLPFC activation (and vice versa).
Sample statistics are provided in Table  2 , and standardized parameter estimates are shown in Figure 7 and Table 3 . Only links for which standardized parameter estimates exceeded 0.1 are included in the figure. Notably, RLPFC thickness had no impact on activation in RLPFC. However, IPL thickness did contribute to first-order activation in RLPFC; specifically, decreasing cortical thickness in IPL led to decreasing first-order activation in RLPFC. Cortical thinning in IPL had a similar impact on both first-and second-order IPL activation.
Starting with the full model described above, we created alternative models by removing select connections and compared these alternative models to the full model. Model comparison results are presented in Table 4 . Because we sought to explain the developmental change associated with first-order activation in left RLPFC, we probed the results of eliminating each of the three inputs to this variable: age, RLPFC thickness, and IPL thickness. We observed that eliminating either age or IPL thickness produced a model that was marginally worse than the full model (p ϭ 0.1), whereas removing RLPFC thickness had no effect. Removing both age and IPL thickness produced a model that was much worse than the full model (p ϭ 0.001). These results support the idea that cortical thinning in IPL, but not in RLPFC, contributes to changes in functional activation patterns. Note that entries in the bottom diagonal are correlations, and entries in the top diagonal are covariances.
In addition to the full model, we also considered a model in which all connections from age to activation variables were removed (the age-excluded model). That this model was not significantly worse than the full model suggests that cortical thickness changes are a good proxy for age. As with the full model, we selectively eliminated effects on RLPFC first-order activation from the age-excluded model. Here again, we observed that the connection from RLPFC thickness could be removed without cost, whereas removing the connection from IPL thickness produced a model fit that was significantly worse (p ϭ 0.001).
Thus, regardless of whether age is explicitly included in the model, we observe a relationship between cortical thinning in IPL (but not RLPFC) and functional specialization in RLPFC.
Discussion
The present study combined functional and anatomical imaging methods to characterize the neural bases of developmental improvements in relational reasoning. In our previous study that compared adults and children performing the Raven's progressive matrices task, we observed that, although children performed similarly to adults on first-order relational problems, they performed much worse than adults on second-order relational problems (Crone et al., 2009 ). Based on this previous finding, we expected in the current study to see large age-related improvements in performance for second-order reasoning and smaller improvements for first-order reasoning. In fact, we observed similar age-related performance improvements for both types of relational reasoning. Ceiling effects may limit the usefulness of the accuracy scores in this case; however, the same pattern was observed for response times. A recent study that used a similar relational matching task reported a decrease in performance during middle childhood for second-order relational processing, such that children aged 9.8 -11.4 years performed better than children aged 11.5-17.7 years (Dumontheil et al., 2010) ; we did not observe this pattern in our data.
Emergence of functional selectivity in PFC
With the fMRI results, we were able to confirm our first hypothesis. Specifically, the present results demonstrate that RLPFC undergoes a developmental change in its pattern of engagement in relational reasoning. In younger children, RLPFC is equally engaged by first-and second-order relational processing. However, decreasing engagement of RLPFC for first-order relational processing with increasing age leads to specialization of the region for second-order processing in older teens and, as previous studies have shown, in adults. Previous studies have demonstrated similar patterns. In addition to our previous developmental study, which demonstrated that children engage RLPFC to a greater extent than adults on first-order matrix reasoning problems, two other studies are particularly relevant. First, in a sample of 16 children (ages 8 -19 years) performing a first-order reasoning task, Eslinger et al. (2009) demonstrated decreasing engagement of lateral PFC, including RLPFC, with increasing age. Second, in a study that examined 37 adolescents and young adults, Dumontheil et al. (2010) observed a marginal increase in RLPFC specificity (second-order Ͼ first-order) from younger adolescents to older adolescents. Our results complement and extend the results of these previous studies.
The present results are consistent with our previous findings regarding differentiation of left and right RLPFC. Previously, in adults, we have observed that left RLPFC demonstrates strong specialization for second-order relational processing, in the context of the relational matching task, right RLPFC demonstrates weaker specialization attributable to relatively stronger engagement on the first-order task ). In the current study, left RLPFC underwent a dramatic change toward specialization with age; in right RLPFC, this pattern was relatively weak.
The functional profile of DLPFC, unlike that of RLPFC, did not significantly change with age. In fact, in younger children, DLPFC was more specifically engaged than RLPFC for secondorder relational processing. We have suggested previously that, in adults, DLPFC is involved in the processing of first-order relations and that its activity is modulated by the number or individual relations processed or by the difficulty of the relational processing task ). This possibility is consistent with the current results. Moreover, the lack of age-related change suggests that this functionality is well established even in younger children.
Emergence of functional selectivity in parietal cortex
In adults, IPL in the vicinity of the intraparietal sulcus is the region that, after RLPFC, is most typically activated in contrasts between second-and first-order relational processing (Crone et al., 2009; Wendelken et al., 2011) . Moreover, this is the region that in many studies demonstrates the strongest functional connectivity with RLPFC (Vincent et al., 2008; Boorman et al., 2009 ). However, unlike RLPFC, IPL also tends to be engaged by firstorder relational tasks (Wendelken and Bunge, 2010) . Thus, it was somewhat surprising that IPL, like RLPFC, demonstrated an agerelated decrease in activation for the first-order task in the present study. In fact, this contrasts with our previous developmental study using Raven's progressive matrices task, which showed greater IPL activation in adults than in children for the first-order condition (Crone et al., 2009 ). This result also contrasts with a previous developmental study of first-order reasoning that reported increasing parietal activation as a function of age (Eslinger et al., 2009) . Of course, it is possible that these differences could be explained by the substantial differences in task demands across the three studies. In particular, it is notable that, in both of the previous studies that had demonstrated increased parietal activation with age for first-order processing, the first-order relational condition is contrasted with a zero-order (i.e., non-relational) condition, whereas in the present study, there was no nonrelational condition. We speculate that IPL would demonstrate an even more pronounced developmental decrease in activation associated with non-relational processing relative to that observed here for first-order processing.
The role of cortical thinning
Numerous structural brain imaging studies have demonstrated that gray matter thinning occurs in dorsal parietal lobes during childhood and then spreads anteriorly to dorsal frontal regions during the adolescent and post-adolescent years (Gogtay et al., 2004; Sowell et al., 2004; Shaw et al., 2008) . Early postmortem work has been leveraged to suggest that the changes in cortical composition observed with MRI are attributable to reductions in synaptic density (Huttenlocher, 1979; Huttenlocher et al., 1982) and increases in axonal myelination (Yakovlev and Lecours, 1967) . Concomitant reductions in synaptic density and increases in axonal myelination are the hallmarks of experience-based neural plasticity. This process involves the initial overproduction of neurons and synaptic connections during infancy and early childhood followed by activity-dependent fine-tuning of neural activity via synaptic pruning that continues well into adolescence (Fuster, 2002; Tsujimoto, 2008) . It is tempting to speculate that changes in functional activation observed during cognitive development are related to maturational changes in brain structure (Casey et al., 2005; Ferrer et al., 2009 ), but little evidence linking developmental changes in brain structure and function exists (Lu et al., 2009) . One attempt to address this question used fMRI data and a modeling approach rather than actual structural data and concluded that increases in frontoparietal synaptic connectivity are a major structural driver of changes in working memory-related brain activation (Edin et al., 2007) . We hypothesized that, for a region that demonstrates a pattern of increasing functional specialization with age, this change might be driven by local synaptic pruning, as reflected in decreasing cortical thickness of the region in question.
Cortical thinning in RLPFC has been well characterized previously (O'Donnell et al., 2005; Tamnes et al., 2010), and, in the present study, both cortical thickness and functional activation were highly correlated with age. However, contrary to our expectation, cortical thinning within RLPFC was not an important factor driving functional specialization in this region. Maturational changes in local brain structure may well explain the increasing functional specialization of RLPFC, but the nature of these changes have yet to be determined, and they are not reflected in local cortical thickness.
Changes in cortical thickness in IPL do appear to have some effect on changes in functional activation. With regard to functional activation within IPL, this effect was similar for first-order and second-order reasoning, suggesting that cortical thinning in IPL is associated not with greater selectivity in this region but rather with overall reduction in the level of functional activation. More intriguing, perhaps, is the fact that IPL thickness also affected functional activation in left RLPFC. In this case, the effect of cortical thinning was limited to first-order reasoning. Thus, cortical thinning in IPL appears to affect functional selectivity in left RLPFC.
We had hypothesized that local changes in cortical thickness would lead to local changes in functional selectivity. It is, at first look, somewhat surprising that the strongest effect of cortical thinning on functional selectivity is nonlocal, specifically, that cortical thinning in IPL affects functional selectivity in RLPFC.
However, there is considerable evidence for a close interaction between these two regions. In relational reasoning tasks, IPL, in the vicinity of the intraparietal sulcus, is the region that is most consistently activated alongside RLPFC (Crone et al., 2009; Wendelken et al., 2011) . RLPFC and IPL show consistently strong functional connectivity in humans (Vincent et al., 2008) . Based on anatomical tracing studies in primates, it has long been assumed that humans lack direct anatomical projections between anterior prefrontal and parietal cortices. However, a recent demonstration that macaques lack the pattern of resting-state connectivity between these regions that is observed in humans (Mars et al., 2011) suggests that this previous assumption might be incorrect. If RLPFC depends on outputs from IPL, then improvements in the overall efficiency of IPL (which might be a consequence of cortical thinning) can very plausibly lead to improved task specificity (i.e., functional selectivity) in RLPFC.
Although changes in IPL cortical thickness do appear to affect functional activation, in RLPFC as well as in IPL, this is by no means the only developmental mechanism at work. A key goal for future research is to assess the role that strengthening of structural and/or functional connectivity between RLPFC and IPL play in development of relational reasoning. 
